INTRODUCTION

45
DegU is a response regulator, which is activated by phosphorylation of a single 46
Asp site on its receiver domain by the cognate sensor kinase DegS (1) . The degU gene 47 constitutes an operon with the upstream degS gene and has its own DegU-controlled 48 promoter between the degS and degU ORFs, the P3 promoter (2). DegU is known to 49 control many genes and biological processes through binding to the target gene promoters 50 (3-4). In its low phosphorylation state, including the unphosphorylated state, DegU 51
activates comK (a master regulator of genetic competence) and the fla/che operon, which 52 is critical for motility (5-9). When highly phosphorylated, degU itself is activated by an 53 autoregulatory loop (7, 10). Moreover, the AAA+ protease ClpCP specifically degrades 54 the phosphorylated form of DegU (DegU-P), leading to modulation of the DegU 55 autoactivation (10-11). DegU-P induces genes encoding extracellular degrading enzymes 56 and γ-polyglutamic acid (PGA) synthetase (12-15). In addition, high DegU-P level results 57 in repression of motility (16). Moreover, DegU is regulated by protein-protein 58 interactions, including the RapG-PhrG system. RapG inhibits DegU-binding to DNA, 59 and the extracellular pentapeptide PhrG inhibits RapG activity (17) . 60
The wild strain of NCIB3610 forms biofilm. Biofilm is a natural lifestyle for 61 most bacteria, and is formed on natural and artificial surfaces (18) for the use of DegU-phosphorylation solution without DegU. To allow SinR and 133 GST-SlrR to form complexes, prior to the addition of DNA and the other proteins, a 134 mixture of SinR and GST-SlrR was incubated on ice for 7 min. The reaction was started 135 by the addition of RNAP. After the addition of 5 μl of 95% formamide containing xylen 136 cyanol and bromophenol blue, the samples were applied onto a 7M urea-containing 6% 137 polyacrylamide gel and electrophoresis was performed in 1× TBE buffer. 138 139 EMSA (electrophoretic mobility shift assay). The oligonucleotides used for preparing 140 biotinylated probes are shown in Table S1 . Site-directed mutagenesis of the probes was 141 performed using an oligonucleotide-based PCR method as described previously (35). For 142 EMSA without DegU, appropriate amounts of the proteins were incubated for 15 min at 143 28°C with a probe (20 fmol) in 16 μl of a reaction mixture (15 mM Tris-HCl, 4 mM 144 MOPS-KOH, 15 mM KCl, 50 mM NaCl, 0.8 mM MgCl2, 0.6 mM DTT and 12.5% 145 glycerol, pH 7.8) containing 1 μg of poly[dI-dC] (GE Healthcare). For a set of EMSA 146 using DegU-P, appropriate amounts of the proteins were incubated for 15 min at 28°C 147 with a probe in 20 μl of a reaction mixture (22 mM Tris-HCl, 8 mM MOPS-KOH, 32 mM 148 KCl, 100 mM NaCl, 1.6 mM MgCl2, 0.86 mM DTT and 10% glycerol, pH 7.8) 149 containing 1 μg of poly [dI-dC] . A control reaction for DegU-P was incubated in the same 150 conditions except for the use of DegU-phosphorylation solution without DegU. When 151 SinR and GST-SlrR were used concomitantly, prior to the addition of DNA and the other 152 proteins, a mixture of SinR and GST-SlrR was incubated on ice for 10 min. After the 153 addition of 2 μl of loading buffer (40 % glycerol, 1× TBE and 2 mg/ml bromophenol 154 blue), the samples were applied onto a polyacrylamide gel and electrophoresis was 155 performed in 0.1× TBE buffer at 4°C. The detection of biotin-labeled DNA was described 156 previously (35).
RESULTS
160
The SinR/SlrR complex regulates the expression of degU. Kobayashi (22) observed 161 decreased expression of several genes in the DegU regulon in the slrR mutant; for 162 example, aprE. Considering the known interaction between SlrR and SinR (Fig. 1) , it is 163 possible that SinR inhibits degU expression then SlrR titrates SinR, resulting in a positive 164 role for SlrR in degU gene expression. To test this hypothesis, we introduced sinR and 165 slrR mutations into a strain with degU-lacZ driven by P3. In the sinR mutant, the 166 expression of degU-lacZ increased, whereas the expression of degU-lacZ decreased in 167 the slrR mutant (Fig. 1C) . In addition, in the slrR sinR double mutant, the expression of 168 the fusion was similar to that observed in the sinR mutant. This indicated that the positive 169 role played by SlrR is dependent on SinR. Based on these results, we concluded that 170
SinR/SlrR regulates degU gene expression and that SinR and SlrR serve as negative and 171 positive factors, respectively, in the expression of degU. The mechanism underlying this 172 observation could be a SlrR-dependent titration of SinR (Fig. 1B) . This study, however, 173 suggests a different mechanism as described below. 174
175
In vitro transcription analysis of SinR and SinR/SlrR. To directly assess the 176 transcriptional effects of SinR and SlrR, we performed an in vitro transcription 177 experiment. RNAP was purified from B. subtilis lacking the genes for SigB, SigH, and 178
SigW. Thus, most of the purified RNAP contained SigA-type σ-factor. First, we used the 179
SigA-type phage T5 promoter, which was confirmed to be active in B. subtilis (40). In 180 fact, purified RNAP directed the transcription of T5 (data not shown). As expected from 181 the previous in vivo analysis (10), the transcription directed by the degU P3 promoter was 182 strictly dependent on DegU-P because RNAP alone could not direct P3 transcription (Fig.  183 2, lanes 1 and 2). Next, when SinR was added to the reaction mixture, P3 transcription 184 was abolished, indicating SinR-dependent transcription repression of P3 (Fig. 2, lane 3) . 185
Furthermore, when GST-SlrR was added to the reaction mixture containing SinR and 186 DegU-P, degU transcripts were observed, suggesting an active role for SlrR in degU P3 187 transcription (Fig. 2, lane 4) . This is consistent with the in vivo result shown in Fig 1C . the degU promoter, but not to the degS promoter (Fig. 3) . Next, to narrow down the 198 binding region in the degU promoter, EMSAs using sequentially deleted probes were 199 performed. SinR was able to bind to the S3, S4, S5, and S6 probes, but not to the S1 probe 200 ( SlrR has with SinR on the degU promoter. To accomplish this, GST-SlrR was purified 220 from E. coli cells. GST-SlrR alone did not generate any distinct band in EMSA using the 221 S6 probe (Fig. 4B, lanes 6-8) , indicating that SlrR itself has very low affinity for the degU 222 promoter. Next, GST-SlrR was added to an EMSA reaction mixture containing the S6 223 probe and SinR. Addition of SinR and increasing amounts of GST-SlrR generated 224 additional bands with increasing intensity in a dose-dependent manner (Fig. 4B, lanes  225 3-5). To explore the nature of the complex that appeared in the presence of SinR and 226 on October 28, 2017 by guest http://jb.asm.org/ Downloaded from GST-SlrR, we constructed a GST-SinR fusion, and purified it from E. coli cells. The 227 DNA-binding activity of GST-SinR was weaker, probably because of the added GST tag 228 (26 kDa), as addition of GST-SinR alone in EMSA resulted in no band generation (Fig.  229   4B, lanes 10-11) . The combination of GST-SinR and GST-SlrR, however, generated a 230
band that migrated at a slower rate compared to that observed when GST-SlrR and SinR 231 were combined (Fig. 4B, lane 12) . This indicated that SinR and SlrR form a 232 hetero-complex on the degU promoter region, because the use of GST-SinR instead of 233 intact SinR changed the mobility in the EMSA. 234
We investigated the binding sequence of the SinR/GST-SlrR complex using the 235 series of mutated S6 probes (Fig. 4A) . The results differed from those of the SinR-binding 236 site; that is, the complex was able to bind to the m5 and m6 mutant probes, but not to the 237 m4 and m7 mutant probes. This suggested that the SinR/GST-SlrR binding site is 238 somehow different from that of SinR. transcription analysis suggested that DegU-P somehow counteracts the SinR/GST-SlrR 247 complex, leading to activation of degU transcription. Thus, it was possible that DegU-P 248 affected the binding of SinR/GST-SlrR. To explore this possibility, DegU-P was added to 249 the EMSA reaction mixtures containing SinR and GST-SlrR. To avoid complexity of the 250 banding pattern, the concentration of DegU-P was lower than that which allows 251 DNA-binding because the S6 probe contains a DegU-P binding site (Fig. 3) . In addition, 252 the use of low concentration of DegU-P may mimic the physiological situation in living 253 cells (see Discussion). However, no change in the banding pattern was observed (Fig. 5A) , 254 which means that DegU-P did not affect SinR and SinR/GST-SlrR binding when RNAP 255
was not present. Hereafter, the lower concentration of DegU-P was used for EMSA with 256 (Fig. 5B, lanes 2 and 4) . This is not unprecedented, as 264 demonstrated by the spoIIG promoter where a similar observation has been reported (42). 265
We also observed the co-binding of SinR/GST-SlrR and RNAP to the degU promoter (Fig.  266 5C, lane 5 and Fig. S2 ) 267
EMSA showed that DegU-P did not affect SinR-binding in the presence of 268 RNAP (Fig. 5B, lanes 4 and 6) . Comparisons of EMSAs using SinR, RNAP, and 269 increasing amounts of GST-SlrR with and without DegU-P showed that the intensity of 270 the band caused by SinR/GST-SlrR binding in the presence of 100 nM DegU-P was 271 weaker than that in EMSA without DegU-P at the same GST-SlrR concentrations (Fig. 5C,  272 compare lanes 2-4 with lanes 6-8). This result suggested that DegU-P excluded 273
SinR/GST-SlrR from the DNA. To confirm this, EMSA using increasing amounts of 274
DegU-P was performed in the presence of SinR, GST-SlrR, and RNAP. Increasing 275 amounts of DegU-P inhibited SinR/GST-SlrR binding in a dose-dependent manner, with 276 no effect on SinR-binding (Fig. 5D, lanes 6-9) . These results demonstrated that DegU-P 277 inhibited some aspects of SlrR function, probably SinR/GST-SlrR-binding to DNA, 278 resulting in exclusion of SinR/GST-SlrR from the DNA. Considering the in vitro 279 transcription results, these data suggested sequential transcription-factor replacement 280 (Fig. 6 ). In addition, EMSA using increasing amounts of SinR in the presence of 281 GST-SlrR and RNAP showed that an increasing amount of the SinR/GST-SlrR complex 282 bound to DNA (Fig. 5D, lanes 3-6) . This observation is consistent with our proposed 283
model (see below). 284
With respect to the protein-DNA complexes containing RNAP, decreases in 285 band intensities corresponding to RNAP/GST-SlrR . SinR were observed in the presence 286 of DegU-P (Fig. 5C, comparing lanes 5 and 9) . This is consistent with our model, whereas 287 increasing amounts of DegU-P resulted in little change in the band intensities of the 288 complex containing RNAP/GST-SlrR . SinR in the different experimental sets (Fig. 5D,  289 lanes 6-9). The difference might be caused by high protein amounts of SinR and 290 GST-SlrR compared to those of DegU-P in the reaction mixtures. It should be noted that 291 the EMSA reaction mixtures contained lower concentrations of DegU-P than the levels 292 GST-SlrR, indicating a direct interaction between GST-SlrR and DegU (Fig. S3, left  300 
panel [western], lane 5). GST alone did not associate with DegU, demonstrating that 301
DegU specifically interacted with SlrR and not the GST-tag (Fig. S3 , right panel 302
[western], lanes 17-20). The observed band intensity, however, was weak; thus, it should 303 be further analyzed. SinR did not interact with DegU because DegU was not co-purified 304 with His-SinR (Fig. S4) . It should be noted that SinI (6.5 kDa) and SlrA (6 kDa) may have 305 been co-purified with His-SinR, because in the sodium dodecyl sulfate polyacrylamide 306 gel electrophoresis (SDS-PAGE) of the experimental samples, bands with similar 307 molecular weights were detected. However, this possibility was not explored further. 308
DISCUSSION
311
We found that there is sequential replacement of transcription factors during 312 degU gene activation (Fig. 6) . In the first step, SinR binds to the degU P3 promoter. The 313 SlrR-LOW state (high concentration of SinR) may correspond to cells in exponential 314 growth phase (23, 25) when levels of DegU-P would be low. According to the in vitro 315 transcription analysis, DegU-P was required for P3 transcription and SinR could repress it. 316
SinR did not occlude RNAP (Fig. 5B) ; therefore, co-presence of SinR and 317 RNAP-associated DegU-P, if it is present in the cells, might lead to transcriptional 318 repression. A previous study suggested that SinR-induced conformational change of 319 DNA would prevent activation of the Spo0A-dependent promoter spoIIG (42). In the 320 second step, cells reach the SlrR-HIGH state due to the induction of sinI soon after entry 321 into stationary phase (25). Then SinR/SlrR binds to DNA instead of SinR, probably 322 through the higher affinity of SinR/SlrR compared with that of SinR. In the third step, 323
DegU-P excludes SinR/SlrR from the P3 promoter in the presence of RNAP. At low 324
DegU-P concentrations where DegU-P could not bind to the P3 promoter, DegU-P could 325 exclude SinR/SlrR binding ( Fig. 5C and D) . This may be adapted to the physiological 326 conditions, i.e., expression of degU is maintained at low levels until the early stationary 327 phase, leading to low levels of DegU-P (Fig. 1C) . In this way, the function of DegU in this 328 process does not depend on its DNA-binding activity. This raises the possibility that the 329 structure of DegU might be altered by RNAP, which somehow allows DegU to interact 330 with SlrR on the degU promoter. In E. coli, several transcription factors have been known 331 to interact with free RNAP prior to binding DNA (43). Finally, DegU-P binds to the 332 promoter, resulting in the activation of the degU gene. We note that the degU gene is 333 expressed heterogeneously (44) The degS-degU operon is transcribed by the P1 promoter and degU has its own 348 promoters, P2 and P3 (2). The P2 promoter, which is located upstream of the degU P3 349 In the wild-type background, DegU is involved in biofilm formation through the 360 regulation of the bslA gene, which is indirectly activated by DegU-P (7). BslA forms 361 surface layers around the biofilm (46-47). The identified regulatory linkage between 362
DegU-P and SinR/SlrR might be involved in the regulation of bslA; this will be 363 investigated in the wild-type NCIB3610 strain background in the future. 364
The titration of SinR by SlrR is thought to be an important regulatory 365 mechanism of genes required for the formation of biofilm. Moreover, the SinR/SlrR 366 heterodimer represses the expression of motility and autolysin genes (23). In addition, the 367 signal input to DegS-DegU has been reported to be related to flagella rotation and/or 368 completion of the basal body assembly (48-49). Therefore, the direct interaction of DegU 369 with SlrR might play significant roles in biofilm and motility gene regulation. transcription are shown. The degU template, which spans from -124 to +111 relative to 587 the transcription start site, was prepared by PCR using the oligonucleotide pair, 588
DegU-pIS-B2 and DU-seq (Table S1 ). RNAP and SinR concentrations were 8 nM and 589 600 nM, respectively. GST-SlrR concentrations were 180, 360 and 720 nM. DegU-P 590 concentration was 400 nM. 591
592
FIG 3
SinR-binding to the degU gene. Top: EMSA of SinR. EMSA results using the 593 specific (degU) and nonspecific (degS) probes in a 5% non-denaturing polyacrylamide 594 gel are shown. Increasing amounts of SinR were used (100 nM, 200 nM, 400 nM, 800 595 nM). For the degS probe, the spanning region is shown with respect to the transcription 596 start site of P1, the degSU operon promoter. Bottom: The structures and SinR-binding of 597 the probes are shown. EMSA images using the various probes are shown in Fig. S1A . 598
Oligonucleotides used for generating the probes are shown in Table S1 . Expression of 599 on October 28, 2017 by guest http://jb.asm.org/ Downloaded from
